Abstract. Friction stir welding is a solid-state joining process that uses a non-consumable tool to join materials by mixing them mechanically in the weld area instead of melting them. The high-quality friction stir welding (FSW) process temperatures are in the range of 400-500 °C. Adhesive wear is suggested to be the main wear mechanism for the FSW tool. Adhesive wear testing should be performed at the weld temperature or close to the welding process temperatures for better simulation of real-life FSW tool wearing conditions. Adhesive wear tests of three FSW tool materials, WC-Co and TiC based with NiMo and FeCr binders at temperatures of 70 °C (low) and 400 °C (high) were performed by turning aluminium alloy AW6082-T6. The higher temperature in the cutting zone was achieved by increasing the cutting speed. To measure the temperature at the interface of the cutting tool and the workpiece, a novel method based on the thermoelectric effect was used. The wear was determined as the change of the geometry of the cutting edges of the tool. Microscopic investigations were performed by using scanning electron microscopy. The distribution of chemical elements and the chemical composition of the tool cutting edge were analysed by energy dispersive X-ray spectroscopy. The TiC-based cermets (TiC-NiMo and TiC-FeCr) demonstrated superiority over WC-Co cemented carbide at both low (70 °C) and high (400 °C) temperatures. The highest wear performance at the low temperature was shown by the Fe-alloy bonded composite TiC-FeCr while at the high temperature the Ni-alloy bonded cermet TiC-NiMo had the highest wear performance.
INTRODUCTION
* Friction stir welding (FSW) is a thermomechanical deformation joining process that uses a specially designed tool to join materials without melting them [1, 2] . The FSW tool serves three primary functions: heating of the workpiece, movement and mixing of the material to produce the joint, and containment of the hot metal beneath the tool shoulder. Heating is produced within the workpiece both by friction between the rotating tool pin and the shoulder and by severe plastic deformation * Corresponding author, mart.kolnes@taltech.ee of the workpiece [3] . Localized heating softens the material around the pin. As a result of the tool rotational action and the influence on the workpiece, if performed properly, a qualitative solid-state joint is produced. It is essential to ensure that the tool will not lose special features, such as the geometry of the pin, and/or texture features of the shoulder part of the tool and dimensional stability by the wear at weld temperature.
Excessive tool wear changes the tool shape (normally by removing tool features), thus changing the weld quality and increasing the probability of defects. In friction stirring, tool wear can occur due to adhesive, abrasive, or chemical wear (addressed subsequently as reactivity) mechanisms. The exact wear mechanism depends on the interaction between the workpiece and the tool material and the selected tool parameters [4] .
The cemented carbides and cermets selected for our study as prospective FSW tool materials have relatively high abrasive wear resistance as compared to common tool materials [5, 6] . For this reason, we concentrated on the adhesive wear of these materials. Previous adhesive wear studies at room temperature have shown that TiCbased cermets are of great potential in FSW applications [7] . For better simulation of real-life welding conditions, the adhesive wear was studied at temperatures close to the weld temperatures.
It is well known that temperature may influence the wear mechanism [8] . Generally, this is attributed to the decreased yield strength and increased ductility at elevated temperatures. Gåård et al. investigated the effect of frictional heating on the adhesive wear mechanism [9] . They claimed that adhesive wear is influenced by temperature, as increased temperature leads to shorter sliding distances until the onset of severe wear, distinguished as an increase of the coefficient of friction. They found that the transition to severe adhesive wear occurrs at similar sliding distances for similar temperatures, although the normal loads and velocities are different. They assumed that the very high sensitivity of adhesive wear to temperature already at lower temperatures is unlikely to depend on the change in mechanical properties. Tang et al. found that the highest temperature in the welding seam is approximately 0.8 of the melting temperature of the welded material [10] .
The FSW tool is commonly coated by a layer of weldable material, in particular an aluminium alloy. The problem here is that the generation of the tribological layer on the tool surface creates conditions for the diffusion of elements into the tool metal. A rationale behind the tool wear in the FSW of aluminium alloys could be strong adhesion of the aluminium alloy to a tool and the following diffusion of the tool material into aluminium due to high temperatures developed during welding [11] . The reaction-diffusion of iron into aluminium is a well-known phenomenon that has been observed in many cases [12] . Hirano et al. investigated the diffusion of iron, nickel, and cobalt in aluminium at a temperature range over 360 to 630 °C and measured the temperature dependences of diffusivities of these materials in aluminium [13] .
Currently, the most often used method to measure cutting temperature is the tool-workpiece thermocouple method, which uses Seebeck's principle. Previous studies have proved that a metal subjected to a temperature differential undergoes a non-uniform distribution of free electrons, which subjects this metal to an electromotive force differential [14] . This method requires two different metals joined in one part. Along the paths of the thermocouple circuit, the electromotive force is given by the product of the difference between the Seebeck's coefficients of thermocouple materials and the temperature gradient between the closed and open junctions of the thermocouple. With the tool-workpiece thermocouple method, the amount of electromotive force is an indication of the average temperature in the tool-workpiece interface. On certain occasions, the electromotive force does not correspond to the average cutting temperature of the interface; it only corresponds in the cases when the temperature is uniform, or if the thermoelectric obtained from the tool-workpiece combination varies linearly along with the cutting temperature. The toolworkpiece thermocouple method was recently used also for measuring the FSW process temperature [15] .
This work focuses on the performance of carbide composites in wear conditions with the prevalence of adhesion at a low and near weld temperature during the FSW of an aluminium alloy.
EXPERIMENTAL DETAILS
Wear tests at different temperatures were performed on a universal lathe. The aluminium alloy AW6082-T6 (1.1% Si, 0.5% Mn, 0.8% Mg, rest Al) round bar of 200 mm diameter was machined at high speeds, up to 630 m/min. Three different cutting tool materials were used. The composition of carbide-based composites and their mechanical properties are presented in Table 1 .
The carbide volume content was calculated taking into account the dissolution of Mo in TiC and the formation of secondary Cr-based carbides in cermets TiC-NiMo and TiC-FeCr, respectively. Microstructures of carbide composites are shown in Fig. 1 . The TiC-FeCr To measure the cutting temperature in the cutting point, a tool-workpiece thermocouple system was used [16] . The scheme of this system is presented in Fig. 2 . The workpiece and the turning tool were insulated from the lathe. The cold end of the tool and the three-bush device were connected to the voltmeter to measure the electromotive force. Fig. 2 . Schematic of the tool-workpiece thermocouple system (top view) [16] . To ensure reliable temperature measurements, the tool-workpiece thermocouple must be the only hightemperature point in the system. All the other material connections have to be at room temperature. To maintain the electrical conductivity in the tool-workpiece thermocouple circuit during the turning of the aluminium alloy, a three-brush device was used. The main function of the three-brush device is to maintain the electrical continuity of the tool-workpiece thermocouple circuit with the workpiece in rotational movement. The device used is similar to that of Santos et al. [16] .
In this work, calibrations of the tool-workpiece thermocouple were carried out with tool materials under research. Long bars of the tool materials were prepared with one end joined with an aluminium chip. The calibration thermocouples were introduced into an electrical furnace and heated up to 500 °C. The electromotive force was measured on the outside ends of the ceramicbased composite bar and the aluminium chip, which were at room temperature. Therefore, the electromotive force was dependent only on the temperature of the contact point between the composite and the aluminium chip. Figure 3 shows the calibration curves of the two tested thermocouple materials.
The electromotive force was 6.1 mV, 2.4 mV, and 1.9 mV for WC-Co, TiC-FeCr, and TiC-NiMo, respectively, at 440 °C, which is close to the maximum FSW temperature of aluminium alloy AW6082-T6. Three measurements were performed for each specimen, and the results of the temperature measured by the threebrush device are average values.
To investigate the dependence of cutting temperature on the cutting speed in the case of the cemented carbide, WC-Co tool turning tests were performed at cutting speeds up to 630 m/min. Raising the cutting speed over 500 m/min did not increase the temperature significantly (Fig. 4) . The reason is that for our lathe test setup, the temperature of the cutting tool in contact stabilizes at around 410 °C. Although the approximate Fig. 3 . Relationship between the temperature and the electromotive force for ceramic-based materials tested. welding temperature of the aluminium alloy AW6082-T6 is about 440 °C, it was not reached during the turning tests. Therefore, 500 m/min was selected as the cutting speed for adhesive wear tests in the case of WC-Co cemented carbide. The same cutting speed to achieve the cutting temperature of approximately 400 °C was also used for the tools made from cermets. The cutting speed of 17 m/min was used in tests at low-temperature (approximately 70 °C) wear conditions.
The cemented carbide and cermets tools were ground in order to achieve a nose angle of 134°, side cuttingedge angle of 23°, and side relief angle of 8°. The total cutting distance for each specimen was 4400 m. The feed rate and the depth of cut were kept constant during testing at 0.39 mm/rev and 0.125 mm, respectively. Changes in the geometry of the specimens were measured using the images made from the top surface of the cutting tool by Hitachi TM 1000 Tabletop scanning electron microscope. The adhesion wear rate was determined as the shortening (in µm) in the length of the cutting nose tip of the specimen. Measurements were performed at certain distances (1100, 2200, and 4400 m) and before each measurement, the specimen was cauterized (to make nose tip measurements) using a sodium hydroxide solution (NaOH 20 wt%). In order to understand the distribution of chemical elements in the microstructure in the tool-workpiece contact region, the energy-dispersive X-ray spectroscopy (EDS) system INCA was used.
RESULTS AND DISCUSSION
Previous research [17] [18] [19] has shown that at similar volume fraction of carbides TiC-based cermets independent of their binder composition and structure are at a disadvantage compared to WC-based cemented carbides in abrasive erosion and also in abrasive wear conditions. The performance of carbide composites in abrasion conditions is controlled primarily by the stiffness of the composite, i.e. its resistance to elastic (evaluated by the modulus of elasticity) and plastic (evaluated by proof stress) strains, and depends chiefly on the properties of the carbide phase (WC vs TiC) [17, 18] . At the same time, the adhesive wear performance of cermets may be comparable to that of WC-based composites, as it is controlled primarily by composite resistance to plastic strain featured by the proof stress that depends on properties of both the metallic and the ceramic phase [17, 19] .
In the present research TiC-based composites (cermets) demonstrated superiority over WC-based cemented carbides at both low (70 °C) and elevated (400 °C) temperatures (see Table 2 and Fig. 5 ). The high wear performance of TiC-based cermets indicates that the prevailing mechanism in the wear testing conditions used in the present research was adhesion. At the low temperature, the highest wear performance was demonstrated by the TiC-FeCr cermet while at the high temperature the TiC-NiMo cermet outperformed both WC-Co and TiC-FeCr composites (Fig. 5 , Table 2 ). The wear performance of cermet, bonded with the Ni alloy (TiC-NiMo) as distinct from WC-Co and TiCFeCr composites appeared to be similar at low (70 °C) and elevated (400 °C) temperatures. In other words, the wear temperature sensitivity of the Ni-alloy bonded cermet was markedly lower compared to the other carbide composites investigated. Figure 5 demonstrates wear performance plotted against the cutting distance at two different temperatures of the WC-Co cemented carbide and TiC-FeCr and TiC-NiMo cermets. Increase in the temperature resulted in a marked growth of wear, i.e. shortening of the cutting nose tip (except the TiC-NiMo cermet). At the same time different composites demonstrated no marked differences in the wear gain rate during the increase of the cutting distance: the wear rate increase angles (α, β, and γ) were almost similar at different temperatures (see Fig. 5 ). The SEM studies (Fig. 6 ) demonstrated failure (material removal) of the cutting tool tip after the wear tests of carbide composites. Micrographs confirm our previous research results of adhesive wear performance of cemented carbides and cermets [19] . The structure of the worn cutting nose tip is distinctive, proving that adhesive failure starts preferably in the binder continuing by the extraction of carbides. Figure 7a shows the EDS line scan of the WC-Co tool covered during the turning test by the aluminium alloy after 4-h heat treatment at 400 °C. The diffusion of aluminium into the cobalt binder was slightly higher than its diffusion into the ironchromium or nickel-molybdenum binder (cf. Fig. 7 and Figs 8, 9 ). There was no significant aluminium diffusion into the carbide phase and metallic binder diffusion into aluminium in the case of all three tested composites. At the same time, a marked diffusion of titanium but not of tungsten into aluminium was observed (cf. Fig. 7 and Figs 8, 9) .
The surface failure (removal of material) during adhesive wear starts mostly in the binder by a combined extrusion-extraction-microcutting process preceded by the local plastic strain that takes place prevalently in the binder of the composite. The performance of the composite in the wear conditions with predominance of adhesion depends on the carbide fraction and properties of the metallic binder. Both the increase of the volume fraction of the carbide phase in the composite and the strength of the metallic phase lead to an improvement of the adhesive wear performance of ceramic-based composites regardless of the ceramic phase composition [19] . Research of the microstructure evolution process has demonstrated that during the liquid-phase sintering of high-chromium TiC-FeCr cermets, the formation of the M 7 C 3 (where M = Cr and Fe) carbide takes place in the binder region of composites [20] . As a result, the fraction of the metallic binder (Fe-based solid solution) decreases while the fraction of the carbide phase increases. An enhanced volume fraction of the carbide phase (TiC + M 7 C 3 -type carbides) and a high strength of the FeCr alloy binder are predominantly behind the higher wear performance of TiC-FeCr cermets compared with WC-Co cemented carbides both at low and high temperatures (at an approximately equal TiC and WC fractions in carbide composites). The best high-temperature (400 °C) wear performance of the TiC-NiMo cermet can be attributed to the highest carbide volume fraction after sintering (see Table 1 ) and the high strength of the Ni-based binder at elevated temperatures.
In parallel to adhesive wear, diffusion-controlled wear takes place during FSW at high temperatures [11] . It is known that the cobalt inter-diffusion coefficient in aluminium exceeds markedly that of iron and nickel [13] . It is another aspect why ceramic-based composites with Fe-and Ni-based binders should demonstrate better wear performance at high temperatures in contact with Al than composites bonded with cobalt. 
CONCLUSIONS
The performance of carbide composites bonded with Co, Ni, and Fe alloys, in particular of cermets (TiCNiMo and TiC-FeCr) and WC-Co cemented carbide, in wear conditions with prevailing adhesion was investigated at different temperatures (including the weld temperature during the FSW of aluminium alloys). The following conclusions were drawn:  TiC-based cermets (TiC-NiMo, TiC-FeCr) demonstrated superiority over WC-Co cemented carbide at both low (70 °C) and elevated (400 °C) temperatures.  The highest wear performance at the low temperature (70 °C ) was demonstrated by the Fe-alloy bonded composite TiC-FeCr, while at the high temperature (400 °C) the Ni-alloy bonded cermet TiCNiMo showed the highest performance.  The lowest temperature sensitivity of wear resistance was demonstrated by the Ni-alloy bonded cermet TiC-NiMo.  Enhanced high-temperature strength of the Ni-based binder as well as an increased carbide volume fraction were behind the high wear performance of the TiCNiMo cermets.
